Introduction {#sec1}
============

Tumor microenvironment (TME) consists of rapidly proliferating cancer cells infiltrated by different host cell types like vascular endothelial cells, macrophages, tumor-associated fibroblasts, and other immune cells.^[@ref1]^ Intercellular communications occurring through a network of cytokines, chemokines, growth factors, and matrix remodeling enzymes generate a conducive environment for cancer cells to proliferate, invade, metastasize, and develop drug resistance.^[@ref2]^ Angiogenesis and inflammation induced by directed migration of endothelial cells and immune cells trigger an immunosuppressive and pro-proliferative niche at the tumor site.^[@ref2]^ Such a programmed neoplastic transformation reduces the efficacy of chemotherapeutic drugs and allows the tumor to develop drug resistance.^[@ref3]^ Therefore, angiogenesis and inflammation along with uncontrolled tumor cell proliferation are critical therapeutic targets to achieve effective tumor regression and patient survival and for combating drug resistance.^[@ref4]^

Recent advances in lipid research endorse the role of sphingolipids in the pathophysiology of tumor progression including cell proliferation, inflammation, angiogenesis, and drug resistance.^[@ref5]−[@ref7]^ Many enzymes of sphingolipid metabolism have emerged as key therapeutic targets for cancer therapy, like activation of ceramide synthases can cause apoptosis, downregulation of glucosylceramide synthase can diminish drug resistance, and inhibition of sphingosine kinase 1 can reduce proliferation as well as angiogenesis.^[@ref5]−[@ref7]^ Chemotherapeutic drugs can regulate the sphingolipid metabolism by activating different enzymes of the biosynthetic pathway,^[@ref8],[@ref9]^ like ceramide synthases activated by doxorubicin and staurosporine can catalyze an increase in production of specific ceramides responsible for apoptosis.^[@ref8]^ Interestingly, chemotherapy-stimulated induction of ceramides can also mediate post-transcriptional regulation of apoptotic proteins by alternative splicing (AS).^[@ref10]^ However, delivery of these chemotherapeutic drugs is usually associated with high toxicity due to their uncontrolled release, nonspecific interactions with blood cells, and accumulation in undesired organs that kill healthy cells.^[@ref11]^

Hydrogels are self-assembled supramolecular organization of small molecules or polymers, where electrostatic, hydrophobic, and H-bonding interactions help in packing of these molecules.^[@ref12],[@ref13]^ Low molecular weight hydrogels (LMWHs) based on self-assembled amphiphilic molecules are a suitable alternative to polymeric hydrogels on account of their high-water content and tunable mechanical properties.^[@ref14]^ Recent studies have shown that LMWHs can encapsulate and maintain a sustained release of drugs at localized sites.^[@ref15],[@ref16]^ However, weak electrostatic and hydrophobic interactions in LMWHs do not allow the encapsulation of multiple drugs with distinct hydrophobicity. Therefore, existing LMWHs find it challenging to encapsulate and maintain sustained release of a combination of drugs in desired manner required for cancer therapy.^[@ref17]^

Bile acids have a natural tendency to form self-assembled supramolecular nanomicelles due to their amphiphilic nature.^[@ref18]^ In the case of synthetic peptides, availability of peptide linkages for H-bonding allows them to self-assemble into supramolecular aggregates.^[@ref19]^ As bile acid and peptide-based self-assembled structures are weak and prone to disintegration, we hypothesize that bioconjugation of peptide and bile acid will provide the required scaffold that can help in forming strong supramolecular self-assembled aggregates. Lithocholic acid (LCA) is the most hydrophobic among all bile acids, can provide much-needed hydrophobic interactions during gelation process, and, therefore, can also help in entrapment of hydrophobic drugs. Presence of free hydroxyl and carboxyl termini in LCA can allow conjugation of dipeptide and aromatic benzyl moieties for providing electrostatic, H-bonding, and π--π interactions required for self-assembly of amphiphiles.

As proliferation, angiogenesis, and inflammation are critical biological processes of TME, we hypothesize that hydrogels maintaining a sustained release of a combination of drugs targeting these processes can avoid multiple chemotherapy cycles, reduce drug-associated toxicity, and minimize the emergence of drug resistance ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A). Herein, we present the synthesis and screening of 20 LCA--dipeptide conjugates for hydrogelation and characterization of the hydrogels followed by the ability of the most robust hydrogel to deliver a combination of drugs affecting drug resistance ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A).

![**Lithocholic acid-glycine-glycine (A13) forms a robust and biocompatible hydrogel.** (**A**) Schematic representation of the study describing sustained delivery of a combination of antiproliferative, antiangiogenic, and anti-inflammatory drugs from a low molecular weight hydrogel for combating tumor proliferation, angiogenesis, and inflammation. (**B**) General molecular structure of LCA-dipeptide derived amphiphiles (A1--A20) synthesized and screened for hydrogelation. (**C**) Rheology characterization of different hydrogels at their minimum gelation concentrations show a comparison of *G*′ and percentage strain for each gel. (**D**) Representative images of A13 gel recovered from mice after different days of subcutaneous injection reveal intactness of gel until 21 d. (**E**, **F**) H&E (**E**) and CD45 (**F**) staining of gel and surrounding tissue retrieved after different days of subcutaneous injection of A13 gel from mice show infiltration of immune cells on day 7 that gets cleared by days 14 and 21, thereby validating the biocompatible nature of gel. Expanded figures with labeling are in [Supporting Information](#notes-7){ref-type="notes"} as **Data Figures ES1 and ES2**. (**G**) Percentage of CD45^+^ cells quantified by flow cytometry from single-cell suspension of skin tissues with hydrogel isolated on different days after gel injection confirm the biocompatible nature of gel without causing any chronic inflammation. (**H**, **I**) Whole-body fluorescence images of BALB/c mice (**H**) and SD rats (**I**) after subcutaneous injection of NIR-Gel and NIR-Solution confirm sustained and localized release of dye from NIR-Gel for 21 d in BALB/c mice and for 50 d in SD rats with minimal dye distribution to other organs.](oc9b00551_0001){#fig1}

Results {#sec2}
=======

Lithocholic Acid-Glycine-Glycine (A13) Conjugate Forms a Robust Hydrogel {#sec2.1}
------------------------------------------------------------------------

We synthesized 20 LCA--dipeptide conjugates (A1--A20) by tethering of different dipeptides of X-G- motif to 3′-hydroxyl terminal of LCA ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B, [Figure S1](#notes-7){ref-type="notes"}). Detailed synthesis and characterization of all the amphiphiles is provided in [Supporting Information](#notes-7){ref-type="notes"}. We evaluated the ability of each amphiphile to form a hydrogel using inverted vial assay.^[@ref20]^ Only glutamic acid (A1), proline (A7), asparagine (A8), threonine (A10), serine (A11), valine (A12), glycine (A13), methionine (A14), and tyrosine (A18)-derived amphiphiles formed gel with minimum gelation concentration of 50--80 mg/mL ([Table S1](#notes-7){ref-type="notes"}) suggesting that a critical balance of charge and hydrophobicity plays an essential role for amphiphiles to self-assemble for hydrogel formation. Scanning electron micrographs for all hydrogels revealed wax-like texture with highly compact mesh architecture except A8 and A12 hydrogels, which showed fibrous architecture ([Figure S2](#notes-7){ref-type="notes"}). A11 and A13 hydrogels showed the highest melting temperature (*T*~m~ \> 80 °C) ([Table S1](#notes-7){ref-type="notes"}). Rheological characterization of hydrogels at their respective minimum gelation concentration showed highest strengths (*G*′) of 3 × 10^5^ and 5.3 × 10^4^ Pa (at 1% strain) for A11 and A13 hydrogels with a crossover strain (strain at which gel loses its integrity, *G*′ = *G*″) of ∼3 and ∼5%, respectively ([Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C, [S3, and S4](#notes-7){ref-type="notes"}). A11 gel is stronger in terms of having higher *G*′ than A13 gel but is less elastic (crossover at 3% strain) than A13 gel (crossover at 5% strain). Therefore, we ruled out A11 owing to its inherent nature of disintegrating at lower strain. Minimum gelation concentration of A13 amphiphile is 50 mg/mL ([Table S1](#notes-7){ref-type="notes"}), and critical micellar concentration of A13 amphiphile revealed by pyrene-based studies is 16 ± 2 μg/mL. Heated solution (sol) of A13 instantly forms hydrogel within a minute on cooling to 25 °C and has *T*~m~ of 83 °C ([Table S1](#notes-7){ref-type="notes"}). Presence of salts affect the hydrogelation process, as A13 spontaneously gets precipitated in phosphate buffer saline (PBS) (pH 7.4).

A13 Gel Is Biocompatible, Biodegradable, and Can Maintain a Sustained Release of Drugs {#sec2.2}
--------------------------------------------------------------------------------------

Incubation of A13 hydrogel with human red blood cells (RBCs) for 6 h showed ∼10% hemolysis ([Figure S5A](#notes-7){ref-type="notes"}). There was ∼80% cell viability of peripheral blood mononuclear cells (PBMCs) after 6 h of incubation with A13 gel ([Figure S5B](#notes-7){ref-type="notes"}). A13 gel-coated coverslips did not allow the adsorption of bovine serum albumin (BSA) on its surface after incubation with fluorescein isothiocyanate (FITC)-labeled BSA confirming its nonfouling (inability to adsorb proteins) character ([Figure S5C](#notes-7){ref-type="notes"}).^[@ref21]^ In contrast, positively charged polyethyleneimine (PEI) allows BSA to get adsorbed on its surface ([Figure S5C](#notes-7){ref-type="notes"}). Esterase- and protease-sensitive biomaterials like A13 amphiphile can get degraded and release chemotherapeutic drugs at tumor site due to high expression of these enzymes at the tumor site ([Figure S6A](#notes-7){ref-type="notes"}).^[@ref22]^ Incubation of A13 hydrogel with PBS at 37 °C in the presence of esterase showed an increase in turbidity of PBS solution with time due to degradation of gel ([Figure S6A,B](#notes-7){ref-type="notes"}). In contrast, gel incubated with PBS in absence of esterase did not show any change in turbidity ([Figure S6B](#notes-7){ref-type="notes"}). Liquid chromatography--mass spectrometry (LC-MS/MS) analysis of a turbid solution showed LCA and benzylated LCA (LCA-OBn) as major products of degradation in these simulated conditions ([Figure S6C--E](#notes-7){ref-type="notes"}). A13 gel can maintain its integrity for 21 d in mice on subcutaneous injection and slowly gets degraded ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}D). Subsequently, we assessed the biocompatibility of A13 gel on subcutaneous injection in BALB/c mice. Hematoxylin and eosin (H&E) staining of gel and surrounding tissue retrieved after different days revealed that there is an influx of immune cells after 7 d that get progressively cleared after 14 and 21 d ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}E). CD45 staining further confirmed the transient infiltration of leukocytes on day 7 that gets cleared on day 21, confirming that A13 gel does not cause any chronic inflammation ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}F). Expanded H&E and CD45 pictures are shown in [Supporting Information Figures ES1 and ES2](#notes-7){ref-type="notes"}. We also quantified the infiltrated CD45^+^ cells from skin tissue with gel by flow cytometry after different days of gel injection and observed that there was influx of CD45^+^ cells on day 7 that gets progressively cleared by day 14 and 21 ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}G). Therefore, these results confirm the biocompatible and biodegradable nature of the A13 hydrogel.

We encapsulated a near-infrared (NIR) fluorescent dye (IR-820) in A13 gel (NIR-Gel) and implanted the NIR-Gel subcutaneously in BALB/c mice (*n* = 3). Whole-body NIR fluorescence imaging of mice revealed the localized and sustained release of dye at the injection site for 21 d with only minimal amount of dye dissemination to other parts of the body ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}H, upper panel). In contrast, we observed distribution of dye throughout the body on subcutaneous injection of dye solution ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}H, lower panel). Similarly, subcutaneous injection of NIR-Gel in Sprague--Dawley (SD) rats was able to maintain localized and sustained release of dye until 50 d ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}I, upper panel), unlike subcutaneous injection of dye solution without A13 gel ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}I, lower panel). We observed higher fluorescence intensity at day 1 than at 3 h in BALB/c mice and at day 20 in SD rats probably due to gradual release of probe molecules with time and fluorescence quenching during initial time points caused by close vicinity of these molecules on encapsulation.^[@ref23]^

TRI-Gel Therapy Induces Tumor Regression with Enhanced Median Survival {#sec2.3}
----------------------------------------------------------------------

We selected three chemotherapeutic drugs, antiproliferative doxorubicin (DOX), antiangiogenic combretastatin A4 (CA4), and anti-inflammatory dexamethasone (DEX) ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). Drug loading studies showed that 70 mg of A13 gelator in 1 mL of water can entrap ∼30 mg of each drug while maintaining its integrity and injectability. Heated sols were a little turbid on entrapment of 20 and 30 mg of DEX or CA4, whereas heated sol with DOX was a clear solution even with 30 mg/mL of DOX. Entrapment of DOX enhances gelation rate, while entrapment of CA4 and DEX slows gelation kinetics, but overall heated sol gets converted to gel within a minute.

![**TRI-Gel therapy inhibits proliferation, angiogenesis, and inflammation at tumor site.** (**A**) Molecular structures of DOX, CA4, and DEX used in the study. (**B**) In vitro release profiles (mean ± standard error of mean (SEM), *n* = 3) of DOX, CA4, and DEX entrapped in A13 gel (TRI-Gel) show sustained release of these drugs over 15 d. (**C**, **D**) Tumor growth kinetics (mean ± SEM, *n* = 7/group) of LLC tumor-bearing mice on different treatments show a significant reduction in the kinetics of tumor growth on TRI-Gel treatment as compared to untreated, TRI-IV, and TRI-TS treated mice. In TRI-TS treated group, mice were given subcutaneous injection of a combination of DOX, CA4, and DEX as suspension near tumor site without hydrogel. In TRI-Gel treated group, mice were treated with subcutaneous injection of a combination of DOX, CA4, and DEX entrapped in A13 gel near the tumor site. In TRI-IV treated group, mice were treated with intravenous injection of DOX and CA4 in saline and oral delivery of DEX on alternate days for 20 d (total 10 doses). (**E**, **F**) Final tumor volume (mean ± SEM, *n* = 7/group) on day 20 of LLC tumor-bearing mice on different treatments show ∼3.5-fold reduction in tumor volume on TRI-Gel therapy as compared to TRI-TS treated mice. (**G**, **H**) Kaplan--Meier curve (**G**) and median survival (**H**) reveal 13 d increase in median survival of mice on TRI-Gel treatment as compared to TRI-TS treated mice (*n* = 6/group) and 18 d as compared to untreated mice. (**I**--**L**) Flow cytometry analysis of apoptotic (**I**), Ki67^+^ (**J**), CD31^+^ (**K**), and CD45^+^ (**L**) cells from untreated, TRI-TS, and TRI-Gel-treated tumor tissues confirm significant increase in apoptosis and decrease in proliferation, angiogenesis, and inflammation on TRI-Gel treatment. UT means untreated. Data were analyzed using two-way ANOVA (**B**--**D**), unpaired two-tailed Student's *t*-test (**E**,**F**, **I**--**L**) and Log-rank Mantel-Cox test (**G**).](oc9b00551_0002){#fig2}

Lewis lung carcinoma (LLC) in C57BL/6 mice is an ideal syngeneic model to study the effect of chemotherapeutics on TME due to enhanced angiogenesis and inflammation at its tumor site along with proliferating cells.^[@ref24]^ We first optimized the dose of each drug entrapped in A13 gel that can cause maximum tumor regression with an increase in median survival in LLC tumor model. We divided LLC tumor-bearing mice into five groups and used a subcutaneous injection of different doses of DOX entrapped in A13 gel (DOX-Gel) for four groups, and no treatment was given to the fifth group of mice. Comparison of tumor regression ([Figure S7A](#notes-7){ref-type="notes"}), median survival ([Figure S7B](#notes-7){ref-type="notes"}), and changes in body weight ([Figure S7C](#notes-7){ref-type="notes"}) of mice led us to decide on 5 mg/kg of DOX-Gel as the most effective dose in regressing tumor growth with a maximum increase in median survival and no significant reduction in body weight. Similarly, LLC tumor-bearing mice treated with subcutaneous injection of different doses of CA4 entrapped in A13 gel (CA4-Gel) revealed a dose of 5 mg/kg as optimized dose ([Figure S7D--F](#notes-7){ref-type="notes"}). For DEX, we used a dose of 20 mg/kg as reported in an earlier study.^[@ref25]^

Rheological characterization of drug-entrapped hydrogels using an optimized dose of drugs showed that entrapment of DOX increased the gel strength and elasticity as percentage strain gets improved from 5 to 9% ([Figure S8A--C](#notes-7){ref-type="notes"}). Entrapment of CA4 did not induce any significant change in mechanical strength of hydrogel ([Figure S8A,D,E](#notes-7){ref-type="notes"}). In contrast, entrapment of DEX reduced the gel strength; however, it showed higher elasticity similar to DOX-Gel and CA4-Gel ([Figure S8A,F,G](#notes-7){ref-type="notes"}). This effect of DEX could be due to its hydrophobicity that might be interfering with supramolecular interactions of hydrogel. A13 gel (TRI-Gel) (70 mg in 1 mL water) was able to entrap the combination of an optimized dose of DOX (0.5 mg), CA4 (0.5 mg), and DEX (2 mg) while maintaining its integrity and injectability. Rheological characterization showed a slight decrease in *G*′ and *G*″ of TRI-Gel as compared to neat A13 gel ([Figure S8A,H,I](#notes-7){ref-type="notes"}). However, TRI-gel showed high elasticity as crossover percentage strain increased from 5 to ∼10%, that can allow it to be used as an injectable hydrogel without compromising gel integrity ([Figure S8H,I](#notes-7){ref-type="notes"}).

Cumulative drug release profiling from TRI-Gel in PBS at 37 °C revealed the release of DOX, a hydrophilic drug, first, followed by CA4 ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). Release of DEX, the most hydrophobic drug, was in a slow and sustained manner (*p* \< 0.0001 with respect to (wrt) DOX and *p* \< 0.001 wrt CA4). We also quantified the actual amount of drug released with time and observed that peak concentration of DOX was achieved on day 1, whereas the highest concentration of DEX was observed on day 15 that is ideal for combating chronic inflammation developed due to chemotherapeutic action of DOX ([Figure S9A](#notes-7){ref-type="notes"}).^[@ref26],[@ref27]^ In contrast, CA4 maintained a steady release for 15 d with maximum release on day 1 ([Figure S9A](#notes-7){ref-type="notes"}). Therefore, TRI-Gel was able to maintain a sustained release of DOX, CA4, and DEX over a period of 15 d ([Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B and [S9A](#notes-7){ref-type="notes"}).

Next, we investigated the effect of TRI-Gel therapy on tumor regression and compared with localized tumor site (represented as TRI-TS) or intravenous/oral (represented as TRI-IV) delivery of the combination of three drugs. In TRI-TS-treated group, mice were treated with subcutaneous injection (200 μL/mouse) of a combination of DOX (5 mg/kg), CA4 (5 mg/kg), and DEX (20 mg/kg) near tumor site without hydrogel. In TRI-Gel treated group, mice were treated with subcutaneous injection of a combination of DOX (5 mg/kg), CA4 (5 mg/kg), and DEX (20 mg/kg) entrapped in A13 gel (200 μL/mouse) near the tumor site. In TRI-IV treated group, mice were treated with intravenous injection of DOX (0.5 mg/kg) and CA4 (0.5 mg/kg) in saline, and with oral delivery of DEX (2 mg/kg) on alternate days for 20 d (total 10 doses). Time growth curves showed a significant reduction in the kinetics of tumor growth on TRI-Gel treatment as compared to untreated, TRI-IV, and TRI-TS treated mice (*p* \< 0.0001 wrt TRI-IV and untreated mice and *p* \< 0.05 wrt TRI-TS) ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C,D). Nonlinear regression analysis showed that mean doubling time for tumor volume in case of untreated, TRI-IV, and TRI-TS treated groups is 3.83, 3.81, and 3.76 d, respectively. In contrast, mean doubling time for tumor volume is 5.6 d in case of TRI-Gel treatment. On day 20, there was an ∼17-fold decrease in tumor volume of TRI-Gel-treated mice as compared to untreated mice (*p* \< 0.0005) ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}E). In contrast, we observed approximately fourfold reduction on TRI-TS treatment (*p* \< 0.0005) and twofold decrease on TRI-IV treatment (*p* \< 0.005) as compared to untreated mice ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}E). There was an ∼3.5-fold decrease (*p* \< 0.05) in tumor volume on TRI-Gel treatment (126.2 ± 36.8 mm^3^) as compared to TRI-TS treated mice (447.5 ± 108.3 mm^3^) ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}F). Therefore, these results confirm that hydrogel-mediated delivery of combination of three drugs (TRI-Gel) induces a significant reduction in rate of tumor growth as compared to TRI-TS treated tumors.

Burst release and diffusion of drugs upon TRI-IV and TRI-TS treatments resulted in high toxicity and no significant increase in mice survivability ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}G). In contrast, TRI-Gel treatment enhanced median survival of mice by 18 d (*p* = 0.0016) ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}G,H) without any significant change in body weight ([Figure S9B](#notes-7){ref-type="notes"}). There was a significant reduction in tumor growth kinetics ([Figure S9C](#notes-7){ref-type="notes"}) and final tumor volume ([Figure S9D](#notes-7){ref-type="notes"}) in TRI-Gel-treated mice over any of two-drug combination regimens (DOX-CA4-Gel, DOX-DEX-Gel, and DEX-CA4-Gel) entrapped in A13 gel. TRI-Gel treatment induced ∼3.5-fold reduction in tumor volume after 21 d as compared to untreated mice (*p* \< 0.0001) in murine breast cancer (4T1) model ([Figure S9E,F](#notes-7){ref-type="notes"}), thereby validating the versatility of the system across different tumor models.

Annexin V FITC and propidium iodide staining followed by flow cytometry analysis confirmed significant increase in total apoptotic cells on TRI-Gel treatment as compared to untreated and TRI-TS treated tumors ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}I). TUNEL assay validated the increase in apoptosis on TRI-Gel treatment ([Figure S10A](#notes-7){ref-type="notes"}). Flow cytometry analysis showed a significant decrease in percentage of Ki67^+^ (marker for proliferation) ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}J) and CD31^+^ (used as a marker of endothelial cells gated on CD45^--^ population) cells on TRI-Gel treatment as compared to untreated and TRI-TS treated tumors ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}K). We observed a significant decrease in percentage of CD45^+^ (marker for leukocytes) cells on TRI-Gel and TRI-TS treatment as compared to untreated samples ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}L). Immunofluorescence staining for Ki67 ([Figure S10B](#notes-7){ref-type="notes"}), α-smooth muscle actin (α-SMA) (a marker for vascular smooth muscle cells for angiogenesis) ([Figure S10C](#notes-7){ref-type="notes"}) and CD45 ([Figure S10D](#notes-7){ref-type="notes"}) further validated the decrease in proliferation, angiogenesis, and inflammation on TRI-Gel treatment. Therefore, these results confirm that TRI-Gel is able to induce significant increase in apoptosis and decrease in proliferation and angiogenesis as compared to TRI-TS treated tumors.

TRI-Gel Therapy Induces Alterations in Sphingolipid Metabolism {#sec2.4}
--------------------------------------------------------------

TRI-Gel-mediated significant changes in proliferation, apoptosis, angiogenesis, and inflammation inspired us to explore the effect of this treatment on sphingolipid metabolism. We evaluated qualitative and quantitative changes in sphingolipids in TRI-Gel-treated tumor tissues and compared them with untreated ones, using liquid chromatography--mass spectrometry (LC-MS/MS) in multiple reaction monitoring (MRM) mode ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A).^[@ref28],[@ref29]^ Lipid profiles showed quantitative alterations in majority of sphingolipids in TRI-Gel-treated tumors relative to untreated controls ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B and [Data Set S1](#notes-7){ref-type="notes"}). All ceramide species analyzed showed upregulation, whereas glucosylceramides and ceramide-1-phosphates showed downregulation on TRI-Gel therapy ([Data Set S1](#notes-7){ref-type="notes"}). There was no significant change in sphingosine-1-phosphate (S1P) and lactosylceramides on TRI-Gel treatment ([Data Set S1](#notes-7){ref-type="notes"}).

![**TRI-Gel therapy alters the levels of key sphingolipids.(A**) Simplified scheme of the study showing isolation and analysis of lipids from untreated (*n* = 4) and TRI-Gel-treated (*n* = 4) tumors. (**B**) Heat map representing the altered profile of sphingolipids reveals significant changes in expression of fatty acyl chain-specific ceramides, glucosylceramides, and ceramide-1-phosphates on TRI-Gel treatment as compared to untreated tumors. M1--M4 represent four different mice in a group. (**C**) Scheme of glucosylceramide-ceramide-ceramide-1-phosphate pathway and key enzymes regulating the pathway. Different enzymes are Gcs: glucosylceramide synthase, Gba1: β-glucocerebrosidase 1, Cerk: ceramide kinase, Lpps: lipid phosphate phosphatase. (**D**--**F**) Changes in altered sphingolipids in TRI-Gel-treated tumors (*n* = 4) in comparison to untreated control (*n* = 4) (mean ± standard deviation (SD)) confirm significant increase of C18 and C24 ceramides (**D**) with decrease in C16, C18, and C20 glucosylceramides (**E**) and C20, C22, and C24:1 ceramide-1-phosphates (**F**). Data were analyzed by unpaired two-tailed Student's *t*-test (**D**--**F**).](oc9b00551_0003){#fig3}

Ceramides, glucosylceramides, and ceramide-1-phosphates are key sphingolipids that modulate apoptosis, drug sensitivity, angiogenesis, and inflammation of TME ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C).^[@ref5]−[@ref7]^ Ceramide species like C18 showed more than 1.3-fold increase (*p* \< 0.005), and C24 species increased by more than 1.2-fold (*p* \< 0.05) on TRI-Gel therapy as compared to untreated mice ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}D). There was a significant decrease in levels of glucosylceramides on TRI-Gel treatment with C16 species showing more than 1.25-fold decrease (*p* = 0.0524), C18 species showing more than 1.6-fold decrease (*p* \< 0.05), and C20 species decreased by ∼1.5-fold (*p* \< 0.005) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}E). Earlier studies showed that an increase in ceramides is responsible for ceramide-triggered apoptosis and that reduction in glucosylceramides can circumvent glucosylceramide-mediated multidrug resistance.^[@ref30]^ TRI-Gel treatment also showed more than 2.4-fold reduction in C20 (*p* = 0.001), more than fourfold decrease in C22 (*p* \< 0. 05), and more than threefold decrease in C24:1 (*p* \< 0. 05) ceramide-1-phosphates that play a critical role in inducing inflammation ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}F).^[@ref31]^ Therefore, an increase in levels of ceramides supports antiproliferative action of TRI-Gel treatment, whereas a decrease of ceramide-1-phosphates helps in combating chronic inflammation at TME site on TRI-Gel therapy. Our data suggest that an overall reduction in levels of glucosylceramides may prevent the tumors to develop drug resistance against TRI-Gel therapy and possibly assists in maintaining tumor regression during the treatment.

TRI-Gel Therapy Stimulates Global Alterations in Alternative Splicing (AS) {#sec2.5}
--------------------------------------------------------------------------

Therapeutic efficacy and associated alterations in sphingolipid levels in response to TRI-Gel therapy urged us to investigate the effect of TRI-Gel treatment on tumor transcriptomic profile. Therefore, we performed RNA-sequencing (RNA-seq) and pairwise comparative analysis of untreated, DOX-Gel, DEX-Gel, and CA4-Gel-treated tumors. A clustergram in the form of a heat map analyzed by unsupervised hierarchical clustering shows distinct gene expression profiles in response to each treatment ([Figure S11A, Data Set S2](#notes-7){ref-type="notes"}). Expanded heat maps are shown in [Supporting Information Figures ES3--ES6](#notes-7){ref-type="notes"}. In total, there are 169 significantly and differentially expressed genes in TRI-Gel-treated tumors as compared to untreated tumors with 77 upregulated and 92 downregulated genes (≥1.5 with *p*-value ≤0.05) ([Figure S11B,C](#notes-7){ref-type="notes"}). We observed 126 genes exclusively expressed in TRI-Gel-treated tumors and an overlap of only five genes among all treated groups ([Figure S11B](#notes-7){ref-type="notes"}). There were 10 significantly deregulated genes with *p*-value less than or equal to 0.001 and 44 genes with *p*-value less than or equal to 0.01 on TRI-Gel treatment ([Figure S11C](#notes-7){ref-type="notes"}).

Each treatment affects multiple pathways with accentuation of specific processes inherent to the mechanism of action of drug ([Figure S11D, Data Sets S3 and S4](#notes-7){ref-type="notes"}). TRI-Gel treatment showed enrichment of significantly downregulated genes for functions associated with mRNA processing, alternative splicing, and nuclear export (like *Rbm38*, *Hnrnpa2b1*, *Mbnl1*, *Plrg1*), vacuolar and endosomal transport (like *Arf1*, *Rab6a*, *Syntaxin5a*), protein catabolic process and localization to organelles (like *Rab6a*, *lft20*) ([Figures S11D and S11E, Data Sets S3 and S4](#notes-7){ref-type="notes"}). In contrast, histone acetylation, chromatin modification, and chromosome organization (like *Kat7*, *Brd4*, *Chd8*), DNA metabolic process, and cell cycle (like *Chtf8*, *Rps3*, *Rps9*, *Nde1*) were enriched pathways for significantly upregulated genes on TRI-Gel therapy ([Figures S11D and S11E, Data Sets S3 and S4](#notes-7){ref-type="notes"}). We validated some of the genes that are differentially expressed on TRI-Gel treatment by quantitative real-time PCR (qRT-PCR) ([Figure S12A, Table S2](#notes-7){ref-type="notes"}). Surprisingly, transcriptomic data did not show any significant alteration in expression of genes of sphingolipid pathway in response to TRI-Gel treatment. Validation of some genes of sphingolipid pathway including *Cers1, Cers2, Cers4, Cers5, Cers6* (ceramide synthases) ([Figure S12B, Table S2](#notes-7){ref-type="notes"}), *Gcs* (glucosylceramide synthase), *Gba1* (β-glucocerebrosidase 1), *Glb1* (β-galactosylceramidase 1), and *B4galt6/Lcs* (β-1,4-galactosyltransferase 6/lactosylceramide synthase) by qRT-PCR did not show any significant change in their expression on TRI-Gel treatment ([Figure S12C](#notes-7){ref-type="notes"}).

As we observed differential expression in key regulatory genes of alternative splicing (AS) like *hnRNPA1/B2*, *Rbm38*, *Mbnl1*, *Gemin8*, and *Plrg1* on TRI-Gel treatment, we hypothesized that TRI-Gel therapy may play a key role in modulating genome-wide AS in tumor tissues, including genes of sphingolipid pathway. Therefore, we systematically investigated and compared transcriptome-wide AS events in TRI-Gel-treated tumors with DOX-Gel, DEX-Gel, and CA4-Gel-treated tumors to explore mechanisms by which TRI-Gel could alter the levels of bioactive sphingolipids.

Of different AS events known, we analyzed cassette exons (CE) (where an exon is spliced-in or spliced-out) and intron retention (IR) (where retention of an intron occurs in one isoform under a certain condition) events in DOX-Gel, DEX-Gel, CA4-Gel, and TRI-Gel-treated tumors in comparison to untreated tumors as per published bioinformatic pipeline.^[@ref32]^ TRI-Gel therapy induced 351 CE events in 285 genes and 1763 IR events in 1411 genes ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A, [Data Sets S5 and S6](#notes-7){ref-type="notes"}). Total IR events for TRI-Gel treatment were significantly higher than any other treatment, whereas the number of CE events are similar in all treatment types ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A). We predicted unique CE events in 84 genes ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B) and unique IR events in 397 genes ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C) in TRI-Gel-treated tumor tissues.

![**TRI-Gel therapy induces AS of sphingolipid genes.** (**A**) Total number of CE and IR events and corresponding total number of genes altered on different drug treatments reveal a significant increase in the number of IR events on TRI-Gel treatment as compared to other treatments. (**B**, **C**) Venn diagrams of genes undergoing AS in response to different drug treatments show 84 unique genes for CE events (**B**) and 397 unique genes for IR events (**C**) on TRI-Gel treatment. (**D**) KEGG pathways and Gene-Ontology-Biological Processes predicted by DAVID Functional Annotation tool for predicted IR events in response to TRI-Gel treatment show enrichment for genes in mRNA processing, RNA splicing, spliceosome, cell cycle, metabolic pathways, protein transport, and DNA repair. The number adjacent to each bar represents number of events identified in that category. (**E**) Semiquantitative PCR validation of IR events in *G3bp1* (two different events), *Dennd6a*, *Topbp1*, *Rplp0*, and *Cct3* confirm the effect of TRI-Gel therapy on AS. The two lanes for each representative gene showing an event are biological replicates. For each gene, two alternatively spliced isoforms show differential expression in untreated (UT) and TRI-Gel-treated tumors. A pictorial representation of exon/intron positions, primer sites, and expected product size (bp) are shown alongside. (**F**) List of all CE and IR events in different genes of sphingolipid biosynthesis pathway in response to different drug treatments show some common events among different treatments and some unique events for a particular treatment.](oc9b00551_0004){#fig4}

[Data Sets S7 and S8](#notes-7){ref-type="notes"} show an enrichment analysis for biological functions and molecular pathways affected by CE and IR events in response to different treatments. We observed an enrichment of IR events on TRI-Gel treatment for genes in mRNA processing and spliceosome, cell cycle, metabolic, and endocytosis pathways ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D, [Data Set S8](#notes-7){ref-type="notes"}). We validated some of the predicted IR events in genes critical for cell proliferation, apoptosis, and metastasis in multiple oncogenic pathways including *G3bp1* (GTPase activating protein binding protein 1), *Dennd6a* (DENN/MADD domain containing 6A, a Rab GEF), *Topbp1* (Topoisomerase II binding protein 1), *Rplp0* (Ribosomal protein, large, P0), and *Cct3* (Chaperonin containing Tcp1, subunit 3) ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}E, [Table S3](#notes-7){ref-type="notes"}). All of them showed differential isoform expression in TRI-Gel-treated tumors as compared to untreated tumors ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}E).

Interestingly, we observed multiple genes of the sphingolipid pathway that are targets for AS in different drug-treated tumors, indicating post-transcriptional regulatory control of sphingolipid genes in response to chemotherapy ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}F, [Data Set S9](#notes-7){ref-type="notes"}). We observed some common CE and IR events in response to different drug treatments such as common CE event for hexosaminidase A (*HexA*) in DOX-Gel and DEX-Gel treated tumors and common IR event for *Elovl1* in DOX-Gel and CA4-Gel treated tumors ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}F, [Data Set S9](#notes-7){ref-type="notes"}). We also observed some unique events specific for a drug treatment like CE event for *St6galnac6* on CA4-Gel treatment and IR event for *Cers2* on DOX-Gel treatment ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}F, [Data Set S9](#notes-7){ref-type="notes"}). TRI-Gel treatment induced two unique IR events in glucosidase genes, β-glucocerebrosidase 1 (*Gba1*), and β-galactosylceramidase (*Glb1*), that might be playing a role in alteration of key sphingolipids at TME site ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}F).

Differential Isoform Expression in *Gba1* Contributes to Tumor Regression {#sec2.6}
-------------------------------------------------------------------------

β-Glucocerebrosidase 1 (*Gba1*) undergoes a unique alternative splicing event on TRI-Gel treatment, where intron 8 is retained in tumor tissues and is removed on TRI-gel therapy ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A, [Figure S13](#notes-7){ref-type="notes"}). Therefore, we validated this specific and exclusive IR event using event-specific primer pair ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B, [Table S3](#notes-7){ref-type="notes"}). For intron 8-retained transcript, we used the primer pair targeted at intron 8 and at junction of exon 9 and exon 10. For the transcript without intron 8 (full-length native protein-coding transcript (PC)), we used primer pair targeted at exon 8 and at the junction of exon 9 and exon 10 ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B, [Table S3](#notes-7){ref-type="notes"}). Isoform-specific semiquantitative PCR showed that expression of *Gba1* transcripts with intron 8 retention is more than threefold (*p* \< 0.05) lower in TRI-Gel-treated tumors as compared to untreated tumors ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B,C). We observed a corresponding approximately twofold (*p* \< 0.05) increase in the full-length native protein-coding transcript by qRT-PCR in TRI-Gel treated tumors as compared to untreated tumors ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}D). Expression of *Gba1* tested by qRT-PCR using *Gba1* gene-specific primer pair did not show any significant change in overall gene expression (sum total of all transcripts) of *Gba1* ([Figure S12C, Table S2](#notes-7){ref-type="notes"}). Therefore, unique alternative splicing event in *Gba1* on TRI-Gel therapy is responsible for significant increase in levels of full-length native protein-coding transcript. Interestingly, we did not find any significant decrease in expression of IR transcript and increase in expression of PC transcripts on TRI-TS treatment ([Figure S14A](#notes-7){ref-type="notes"}).

![β**-Glucocerebrosidase 1 (*****Gba1*****) is a potential target of TRI-Gel therapy.** (**A**) Diagrammatic representation of full-length native protein-coding (PC) transcript and IR splicing event in β-glucocerebrosidase 1 (*Gba1*). (**B**) Isoform-specific PCR of *Gba1* (*n* = 3) confirms decrease in IR transcript in TRI-Gel-treated tumors as compared to untreated tumors. A pictorial representation of exon/intron position, primer sites, and expected product sizes (bp) is shown alongside. (**C**) Quantification (mean ± SD, *n* = 3) of transcripts showing IR event of *Gba1* confirm more than threefold decrease in IR transcripts on TRI-Gel treatment. (**D**) Quantification (mean ± SD, *n* = 3) of full-length native PC transcripts by qRT-PCR confirm a more than twofold increase in PC transcripts on TRI-Gel treatment. (**E**) Immunoblot of Gba1 (two replicates) and its quantification (mean ± SD, *n* = 5) reveal a more than twofold increase in expression of Gba1 on TRI-Gel treatment. Arrow indicates Gba1 (59 kDa). Other bands indicate glycosylated forms. (**F**) Enzymatic activity (mean ± SD, *n* = 6) of Gba1 confirm a more than 1.4-fold increase in activity on TRI-Gel treatment. (**G**) qRT-PCR confirms significant downregulation of *Csk*, *Arrb2*, *Ctnnb1*, *Tcf4*, *A4galt*, *Mdr1*, and *Mrp1* on TRI-Gel treatment as compared to untreated tumors. (**H**, **I**) Immunofluorescence images (**H**) and quantification (**I**) (mean ± SD, *n* = 3) of P-glycoprotein (P-gp) confirm more than sevenfold downregulation of P-gp on TRI-Gel treatment as compared to untreated samples. (**J**) Tumor growth kinetics (mean ± SEM) of LLC tumor-bearing mice (*n* ≥ 5/group) on different treatments show an increase in kinetics of tumor growth on *Gba1* siRNA + TRI-Gel therapy as compared to TRI-Gel-treated mice (*p* \< 0.005). (**K**) Final tumor volume (mean ± SEM) on day 21 of LLC tumor-bearing mice after different treatments show approximately fourfold increase in tumor volume on *Gba1 siRNA* + TRI-Gel treatment as compared to TRI-Gel therapy. (**L**, **M**) Immunofluorescence images (**L**) and quantification (**M**) (mean ± SD, *n* = 3) of P-gp reveal approximately twofold upregulation of P-gp on *Gba1* siRNA + TRI-Gel therapy as compared to TRI-Gel therapy. Data were analyzed by unpaired two-tailed Student's *t*-test (**C**--**G**, **I**, **K**, **M**) and two-way ANOVA (**J**).](oc9b00551_0005){#fig5}

Immunoblotting showed a twofold increase in expression of Gba1 and its glycosylated forms in TRI-Gel treated tumors as compared to untreated tumors (*p* \< 0.005) ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}E). Similarly, a corresponding higher Gba1 enzyme activity was observed in TRI-Gel-treated tumors as compared to untreated tumors (*p* \< 0.05) ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}F). Immunofluorescence staining of tumor sections with anti-Gba1 antibody further confirmed more than threefold higher Gba1 expression in TRI-Gel-treated tumors (*p* \< 0.05) ([Figure S14B](#notes-7){ref-type="notes"}). As Gba1 catalyzes the hydrolysis of glucosylceramide to ceramide,^[@ref33]^ this elevated Gba1 level in response to TRI-Gel therapy is responsible for observed increase in ceramide levels ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}D) and decrease in glucosylceramides ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}E), thereby forcing the cancer cells to undergo apoptosis.

Glucosylceramides can activate cSrc kinase through glycosphingolipid-enriched microdomains. Activated cSrc kinase increases the nuclear localization of β-catenin and upregulates *Tcf4* followed by increased expression of *Mdr1* and P-gp (P-glycoprotein).^[@ref34]^ qRT-PCR showed ∼2.5-fold reduction (*p* \< 0.01) in expression of *Csk* (C-terminal Src Kinase), more than 50-fold reduction (*p* \< 0.0001) in expression of *Arrb2 (β*-arrestin-2 that phosphorylates β-catenin), more than twofold decrease (*p* \< 0.005) in *Ctnnb1* (for β-catenin), more than 29-fold reduction (*p* \< 0.0001) in *Tcf4* (transcription factor 4), and ∼2.2-fold decrease (*p* \< 0.005) in *Mdr1* (ABCB1) expression on TRI-Gel treatment as compared to untreated tumors ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}G). Glucosylceramides get converted to lactosylceramides by *A4galt*, and lactosylceramides are the common precursor of nearly all neutral glycosphingolipids and higher gangliosides that are mediators of drug resistance.^[@ref35]^ TRI-Gel treatment also induced more than fivefold decrease (*p* \< 0.0001) in expression of *A4galt* ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}G). We also checked the expression of *multidrug resistance associated protein1* (*Mrp1*)/ ABCC1 (regulated by glycosphingolipids), as it plays an active role in protecting cancer cells by efflux of a wide array of drugs. We found ∼2.4-fold decrease in expression of *Mrp1* (*p* \< 0.05) on TRI-Gel treatment ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}G).^[@ref36]^ However, *Mdr1* and *Mrp1* expressions were not affected significantly in tumors treated with TRI-TS therapy ([Figure S14C,D](#notes-7){ref-type="notes"}). Immunofluorescence for P-gp confirmed a significant reduction in P-gp levels on TRI-Gel treatment as compared to untreated and TRI-TS treated tumors ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}H,I). Therefore, TRI-Gel therapy-mediated increase in Gba1 activity helps in reducing the expression of P-gp in tumor tissues that is adept to combat the emergence of drug resistance as compared to local injection of all the drugs without hydrogel.

Careful analysis of RNA sequencing data (Data Set 2) showed significant downregulation of a plethora of genes on TRI-Gel treatment that are involved in intrinsic mechanisms of drug resistance like alterations in expression of drug transporters/efflux pumps, changes in vesicular or endosomal trafficking, and activation of antiapoptotic pathways. Genes like *Arnt1*,^[@ref37]^*Rab6a*,^[@ref38]^ and *Uhrf1*([@ref39]) regulate *Mdr1* gene expression and sensitize cancer cells to anticancer drugs. Other differentially expressed genes on TRI-Gel treatment like *Arf1*,^[@ref40]^*Rbpj*,^[@ref41]^*Trim25*,^[@ref42]^*Usp24*,^[@ref43]^*DNAJB1*,^[@ref44]^*Mia3*,^[@ref45]^*Pex3*,^[@ref46]^ and *Obfc1*([@ref47]) have been shown to be associated with drug resistance in different cancer models using diverse mechanisms. qRT-PCR confirmed significant downregulation of *Arf1* (2.4-fold, *p* \< 0.005), *Arnt* (3.3-fold, *p* \< 0.05), *Uhrf1* (sixfold, *p* \< 0.0001), *Trim25* (twofold, *p* \< 0.001), *Ndfip2* (1.9-fold, *p* \< 0.05), and *Rbpj* (42-fold, *p* \< 0.0001) on TRI-Gel treatment as compared to untreated tissues ([Figure S14E](#notes-7){ref-type="notes"}). In contrast, TRI-TS treatment did not show a significant downregulation of any of these genes, whereas we observed upregulation of *Trim25* and *Ndfip2* gene expression ([Figure S14F](#notes-7){ref-type="notes"}). Therefore, these results confirm that TRI-Gel mediated sustained release of drugs, unlike TRI-TS treatment, helps in combating drug resistance through other pathways as well.

To further validate the *Gba1*-mediated effect of TRI-Gel therapy on tumor regression and drug resistance, we investigated the effect of *Gba1* knockdown on TRI-Gel therapy. LLC tumor-bearing mice were randomized into five groups and subjected to different treatments. There was no treatment for group 1 mice, and group 2 mice were subjected to TRI-Gel treatment. *Gba1* siRNA along with TRI-Gel therapy was given to group 3 mice, whereas *scrambled* siRNA with TRI-Gel therapy were used for group 4 mice. Group 5 mice were treated with only *Gba1* siRNA. We observed an increase in kinetics of tumor growth on using a combination of *Gba1* siRNA and TRI-Gel therapy as compared to only TRI-Gel treatment (*p* \< 0.005) ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}J). However, the use of *scrambled* siRNA in combination with TRI-Gel therapy did not cause any change in tumor growth kinetics. We observed more than 15-fold decrease in tumor volume on TRI-Gel treatment as compared to untreated tumors (*p* \< 0.0001) ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}K). In contrast, there was only approximately fourfold reduction in tumor volume on using a combination of *Gba1* siRNA and TRI-Gel treatment, whereas combination of *scrambled* siRNA and TRI-Gel induced ∼18-fold reduction in tumor volume after 21 d ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}K). There was a fourfold increase in tumor volume on using a combination of *Gba1* siRNA and TRI-Gel treatment (762.7 ± 73.7 mm^3^) as compared to only TRI-Gel treatment (181.8 ± 32.3 mm^3^) ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}K). We confirmed *Gba1* silencing in tumors by its enzymatic activity assay ([Figure S14G](#notes-7){ref-type="notes"}). There was a significant increase in P-gp levels in tumors treated with a combination of *Gba1* siRNA and TRI-Gel (*p* \< 0.05) suggesting the emergence of drug resistance in response to *Gba1* siRNA and the inability of TRI-Gel to control it ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}L,M). Therefore, these results confirm the *Gba1*-mediated effect of TRI-Gel therapy in tumor regression and combating drug resistance.

Discussion {#sec3}
==========

Angiogenesis is one of the key targets for successful cancer treatment as witnessed by clinical success of different chemical inhibitors and approval of monoclonal antibodies like bevacizumab.^[@ref48],[@ref49]^ Sengupta et al. have shown that sequential delivery of antiangiogenic CA4 followed by antiproliferating DOX from nanocells help in tumor regression.^[@ref50]^ We hypothesized that release of antiproliferative drug followed by antiangiogenic and anti-inflammatory drugs will help in combating the rapid proliferation of cancer cells, temporarily keeping the angiogenesis and acute inflammation intact. Initial blood supply to tumor site can help in delivery of other drugs/imaging agents on intravenous administration in clinical settings. Acute inflammation usually assists in effective action of antiproliferating and antiangiogenic drugs.^[@ref51]^ In contrast, chronic inflammation, initiated by enhanced apoptosis, causes increased DNA damage, disruption of DNA repair pathways, inhibition of apoptosis, promotion of angiogenesis, cell proliferation, and tumor recurrence.^[@ref52]^ Therefore, sustained release of anti-inflammatory dexamethasone can help in abrogating chronic inflammation subsequent to the action of antiproliferating and antiangiogenenic drugs.^[@ref53]^ Recently, Jia et al. have shown that inhibition of NF-κB and Wnt/β-catenin signaling of inflammatory pathway after chemotherapy withdrawal helps in reducing the tumor mass more effectively.^[@ref53]^

Mechanical strength of hydrogels is highly dependent on intermolecular interactions between self-assembled molecules, and entrapment of payloads influences these mechanical properties.^[@ref54]^ Presence of hydrophilic and hydrophobic moieties in amphiphilic hydrogelators can help these molecules to interact with different drugs efficiently without compromising the mechanical strength.^[@ref55]^ Therefore, the presence of LCA and dipeptide in A13 hydrogel allows the entrapment of DOX, CA4, and DEX effectively. Release of hydrophilic drugs is mainly controlled by diffusion, whereas release of hydrophobic drugs is maintained by degradation rate of hydrogels. Therefore, early release of DOX is diffusion driven, and slow degradation of gel maintains sustained release of CA4 and DEX. This hydrogel-mediated sustained release of combination of drugs helps in effective tumor regression and increase in survivability over tumor site (TRI-TS) delivery of combination of drugs without using hydrogel.

In-depth transcriptomic analysis of TRI-Gel-treated tumors showed increased AS, especially for IR events, of many genes responsible for oncogenic transformation including sphingolipid metabolism genes. In most intron-retained transcripts, IR events usually lead to the inclusion of premature termination codons (PTC) that direct the transcripts to Nonsense Mediated Decay (NMD) pathway.^[@ref56]^ In some cases, IR transcripts may not be susceptible to NMD, and on demand, these IR transcripts even act as a pool of RNA. This pool of RNAs splice and translate at a much faster rate than de novo transcripts that proceed through transcription and translation.^[@ref57]^ This phenomenon provides an additional level of gene regulation by IR transcripts. There was a significant reduction in intron retained *Gba1* transcript and a corresponding increase in its full-length native protein-coding transcript on TRI-Gel therapy leading to enhanced Gba1 activity. This is an interesting instance of chemotherapy and pharmacological modulation of AS that triggers a higher expression of functional Gba1 protein in TRI-Gel-treated tumors.

Differential gene expression studies showed upregulation of splicing factors like *Hnrnpd* and *Rbm10* and downregulation of *Hnrnpa2b1* and *Rbm38* in response to TRI-Gel treatment. TRI-Gel treatment also induces downregulation of *Gemin8*, *Mbnl1*, *Fmr1*, and *Plrg1* that are implicated in RNA splicing.^[@ref58]−[@ref60]^ Therefore, TRI-Gel-mediated change in expression of splicing factors can revert the intron retention event in *Gba1* mRNA and lead to upregulation of protein-coding transcripts at post-transcriptional level. This upregulation of *Gba1* transcends to increased Gba1 protein activity, thereby catalyzing the conversion of glucosylceramides to ceramides. The exact mechanism for alternative splicing of *Gba1* in response to TRI-Gel treatment and role of different splicing factors and their regulation by chemotherapeutic drugs need to be investigated.

This intricate and precise AS event in response to TRI-Gel therapy results in a significant increase in cellular ceramides (C18 and C24 chain) with a concomitant decrease in glucosylceramides (C16, C18, and C20).^[@ref61]^ It has been reported that accumulation of C18 ceramides by overexpression of mammalian upstream regulator of growth and differentiation factor (mUOG1) causes apoptosis in cancer cells.^[@ref62]^ In a similar trend, accumulation of C18 ceramides in TRI-Gel-treated tumors leads to a significant increase in apoptosis. Decrease in glucosylceramides (C16, C18, and C20) lower the P-gp expression in TRI-Gel-treated tumors via downregulating the Tcf4 transcription factor through cSrc kinase pathway. siRNA-mediated knockdown of *Gba1* diminished the effect of TRI-Gel therapy by increasing the P-gp expression, thereby validating the *Gba1*-mediated effect of TRI-Gel therapy. Apart from the decrease in *Mdr1*/P-gp expression, other drug-resistance genes were found be downregulated on TRI-Gel treatment. Interestingly, we also observed that tumor site injection of a combination of these drugs without hydrogel does not induce alternative splicing in *Gba1* and does not downregulate the expression of drug-resistance genes including *Mdr1* and *Mrp1*.^[@ref63]^

Taken together, these results suggest that TRI-Gel mediated delivery of combination of three drugs creates a unique milieu that affects attenuation of drug resistance by multiple genes via diverse mechanisms, and alternative splicing of *Gba1* is one of them. Therefore, chimeric TRI-Gel therapy presented here opens new directions for exploring hydrogel-mediated delivery of combination of drugs for targeting different biological processes of TME, and in-depth mechanistic understanding of these delivery vehicles is essential for development of future cancer therapeutics.

Methods {#sec4}
=======

Detailed materials and methods have been described in [Supporting Information](#notes-7){ref-type="notes"}.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acscentsci.9b00551](http://pubs.acs.org/doi/abs/10.1021/acscentsci.9b00551).Supporting figures (Figures S1−S14), tables (Tables S1−S3), complete list of materials used, and experimental details ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00551/suppl_file/oc9b00551_si_001.pdf))Expanded H&E (Figure ES1) and CD45 (Figure ES2) staining figures, expanded heat maps (Figures ES3−ES6), and original blots (Figures ES7−8) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00551/suppl_file/oc9b00551_si_002.pdf))Data Set 1. Quantification of different sphingolipid species on TRI-Gel treatment as compared to untreated control ([XLSX](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00551/suppl_file/oc9b00551_si_003.xlsx))Data Set 2. Differentially expressed genes after different treatments as compared to untreated control ([XLSX](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00551/suppl_file/oc9b00551_si_004.xlsx))Data Set 3. Functions of differentially expressed genes after different treatments as compared to untreated control ([XLSX](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00551/suppl_file/oc9b00551_si_005.xlsx))Data Set 4. Ontology (GO) analysis of differentially expressed genes after different treatments ([XLSX](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00551/suppl_file/oc9b00551_si_006.xlsx))Data Set 5. Cassette Exon events predicted after different treatments ([XLSX](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00551/suppl_file/oc9b00551_si_007.xlsx))Data Set 6. Intron Retention events predicted after different treatments ([XLSX](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00551/suppl_file/oc9b00551_si_008.xlsx))Data Set 7. BP and KEGG pathways enriched for Cassette Exon (CE) events observed on different treatments ([XLSX](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00551/suppl_file/oc9b00551_si_009.xlsx))Data Set 8. BP and KEGG pathways enriched for Intron Retention (IR) events observed on different treatments ([XLSX](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00551/suppl_file/oc9b00551_si_010.xlsx))Data Set 9. Cassette exon and intron retention events in sphingolipid genes on different treatments ([XLSX](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00551/suppl_file/oc9b00551_si_011.xlsx))
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